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DEEP TRENCH ETCHING OF SINGLE CRYSTAL SILICON

TECHNICAL FIELD
The present invention is directed to plasma etching silicon to pro-
duce advanced microelectronic device structures for megabit chip tech-
nology. More specifically, the present invention is directed to the
plasma etching of deep trenches in single crystal silicon to perform
device isolation function, buried capacitor function and additional

" circuitry placement function in silicon based microelectronic circuitry.

BACKGROUND OF THE PRIOR ART
With the development of silicon substrate mounted microelectronic
circuitry of greater detail and density, traditional wet etching of

electronic circuit patterns has become insufficient for high speed, high
precision, low cost, component and circuitry fabrication. This draw- -
back of previous modes for fabricating microcircultry has led to the
advent of dry chemical etching. Specifically, the advent of plasma
etching with various gaseous etchants has come to the forefront 1n
microelectronic circuitry fabrication.

Typically, dry plasma etching has been utilized to produce circuit
patterns through photoresist materials on polysilicon or single crystal
si1icon, as well as various doped silicon substrates. These circuit
patterns require only a shallow etching into the substrate to provide
sufficient patterns for appropriate circuit performance. Typically, etch
deptﬁs in substrates for circuit patterning are obtained at a maximum
depth of 0.30 microns. The substrate, during the etching process, is
typically overlaid with an apertured mask providing the circuit pattern
wherein the mask has a typical depth of 1.0 microns. Because of the
relatively shallow depth of the etch necessary for circuit pattern fab-
rication, the differential selectivity of the mask and the substrate to
the etchant does not have to be significantly high. However, with the
advent of very dense packed circuitry and goals for increasingly smaller
1ine width of the patterned circuit, it has become necessary to locate
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circuit patterns and components in a much more closely packed array and
to crowd more and more circuits and components on a given surface area of
silicon substrate. These advances in microcircuitry lead to new pattern-
ing requirements such as the deep trench. . These requirements have placed
a need on the fabrication industry to provide highly accurate anisotropic
etching which enjoys high selectivity and high etching rates. '

In U.S. Patent 4,473,435, a mode for anisotropic etching of poly-
si1icon with photoresist mask s disclosed wherein sulfur hexafluoride
and various halofluorocarbons are the preferred plasma etchants. It 1is

also identified that nitrogen trifluoride can be utilized with various

halofluorocarbons to provide the anisotropic etch medium. The etch depth
in this patented process is clearly shown in Figures 6 through 14 to be
approximately 0.3 microns. The etch depth 1s not in the range of deep
trench etching given the known thicknesses of polymeric photoresist that
can be applied to silicon substrates.

Trench etching has been addressed in the prior art in the article,
'An1sotrop1c Etching of Silicon Using SF6 With CZC'IF5 and Other
Mixed Halocarbons*, by James P. McVittie and Carlos Gonzolez, wherein
the article describes the use of sulfur hexafluoride and various halo-
fluorocarbons to etch deep grooves in single crystal silicon using a
photoresist mask. The trenches that were etched in the McVittie work had
a Vertica] depth of from 0.5-10 microns. The etch profile was found to
occur with reduced undercut using etchant compositions only in the
presence of resist. Further, McVittie identifies that some mask under-
cutting occurred as identified at page 561 of that article. HgVittie, et
al. has used the preferred embodiment of U.S. Patent 4,473,435 and, as
shown on pages 566 and 567, has not beeﬁ able to etch deep trenches into
single crystal silicon without undercut and bow. The bow is objection-
able for device placement applications and 1s present even under the
Mcvittie, et al.'s optimal conditions.

The prob]ems of dry etching and their capabilities have been iden-
tified in the prior art such as the article *Loading Effect and Temper-
ature Dependence of Etch Rate of Silicon Materials in CF4 Plasma® by
Tatsuya Enomoto, appearing in Solid State Technology of April 1980,
page 117, wherein the effects of carbon tetrafliuoride plasma etching of
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single crystal silicon and polysiiicon substrates is identified. Enomoto
discloses that polysilicon is etched more quickiy than single crystal
silicon for a given exposure area. In addition, Mr. Enomoto discloses
the physical phenomena occurring in plasma etching wherein undercutting
occurs under the apertured mask of the silicon substrate being fabricated.

-The prior art recited above has identified various techniques for
typical electronic circuit pattern etching which 1s done typicaliy at
depths of less than 0.30 microns. The initial descriptions of aniso-
tropic dry plasma etching have also been disclosed, as well as sugges-
tions for deep trench etching wherein the probiems of anisotropy and etch
rate have been identified. However, the problems of complete anisotropy,
precision, fast etching and economical fabrication of deep trenches have
not been resolved by the prior art. The present invention overcomes
these problems for high speed, economical, anisotropic, deep trench
etching without profile bowing or mask undercut.

BRIEF SUMMARY OF THE -INVENTION - -~ -~~~ = = =

The present invention is a process for high speed, anisotropically,
reactive ion mode plasma etching of single crystal silicon through an
apertured mask to produce a deep trench with essentially vertical side-
walls comprising the steps of providing the single crystal silicon sub-
strate with an apertured mask selected from the group consisting of
silicon dioxide and silicon nitride, exposing said substrate to an atmo-
sphere of nitrogen trifluoride (NF3) and a halofluorocarbon compound
(HFC) containing only one carbon atom in a ratio of 1-2 NF3:1~3 HFC 4n
an etching zone, and generating a plasmq with the atmosphere and aniso-
tropically reactive ion etching said substrate by directing ions from
said plasma through the apertures of sald mask into the single crystal
silicon substrate, wherein the etching is performed at a high speed in
the range of at least 0.1 microns per minute using a power of 500-2000
watts and a frequency of 1-50 MHz to produce a deep trench in said sub-
strate having a vertical depth in the range of 3-15 microns and essen-
t1ally vertical sidewalls. essentially no undercutting of said mask and
essentially no bowing in the trench.
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Preferably, the process of the present invention is practiced
wherein the halofluorocarbon is selected from the group consisting of
CFSCI, CFZCIZ. CFsBr, CF3I, CFZBrZ' crzlz, CFZCIH and cc12FH.

Optimally, the process of the present invention utilizes an atmo-
sphere comprising NF3 and CFacl.

‘Preferably, the process of the present invention maintains a pres-
sure in the etching zone of greater than 0.1 and up to 1.0 torr.

Optimally, the process of the present invention utilizes an aper-
tured mask of silicon dioxide.

Preferably, the process of the present invention utilizes a flow of
the etchant atmosphere in the etching zone 4n the range of 10-100 stan-
dard cubic centimeters per minute (SCCM).

Preferably, the process of the bresent invention utilizes spaced
electrodes in the etch zone which are maintained at a temperature of
15-25°C.

Preferably, the process.of -the._present _invention_utilizes a diluent
gas selected from the group consisting of argon, krypton, helium and neon.

BRIEF DESCRIPTION OF THE_DRAWINGS

FIG 1 is a schematic flowscheme of an etching zone wherein the
plasma etching composition of the present invention can be utilized to
produce a deep trench in a silicon substrate.

FIG 2 is a cross-sectional illustration of an etch pattern in the
silicon substrate of the prior art wherein undercutting of the mask is
i11lustrated, as well as bowing of the trench itself.

FIG 3 1s a cross-sectional 111ustr§t10n of an apertured mask on a
silicon substrate prior to etching.

FIG 4 is a cross-sectional 11lustration of a deep trench etch by the

process of the present invention using a silicon dioxide apertured mask
and a single crystal silicon substrate.

FIG 5 1s a graph i1llustrating the higher etch rate of polysilicon
versus single crystal silicon using the known etching gas of carbon
tetrafluoride.
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FIG 6 is a cross-sectional photomicrograph of an etch using the etch
medium of the present invention to etch single crystal silicon through an
apertured photoresist mask.

FIG 7 is a cross-sectional photomicrograph ¢f an etch using the etch
medium of the present invention through an apertured mask of silicon di-
oxide.

FIG 8 1s a cross-sectional photomicrograph of the deep trench etch
using the process of the present invention.

DETAILED DESCRIPTION OF THE INVENTION
At many points in the manufacture of semiconductor chips, a semi-
conductor wafer is etched in a pattern defined by the apertures of an
overlying mask. Plasma etching of several of the layers of thin films on
semiconductor wafers is used as a more effective alternative to wet
chemical etching. The specific thin fiIm layer deposited or grown on the
semiconductor wafer to be plasma etched s typically covered with an -

apertured mask and placed in a gaseous environment. The gases directly
above the wafer are ionized by RF energy to create a plasma and ions are
accelerated out of the plasma to impact the semiconductor wafer. Etching
of the portions of the thin film exposed through the mask apertures is
accomplished as a function of the reactivity of the substrate material,
the impact energy of the bombarding ions, and the chemical activity of
the gaseous environment. ) ’

The anisotropic etching of silicon is becoming increasingly impor-
tant as device sizes shrink. Small dimensions are making etch losses and
etch geometries more critical. Directional etching of single crystal -
silicon with tightly controlled etch profiles is of extreme importance
for various advanced applications such as circuit isolation, capacitor
formation and vertical component location distinct from component loca-
tion on the primary surface of the second substrate. Previously, the
fabrication industry has performed anisotropic etching of silicon for
deep trenches using chlorine-based chemistry and conventional low pres-
sure reactive fon etch modes. However, difficulties have arisen 1in
performing significantly deep trench etching for such purposes. The
problem presently facing semiconductor fabricators is to produce com-
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pletely vertical, anisotropic wall profiles using plasma assisted etching

" wherein the etching of the electronic materials vertically must be done

with rapid plasma chemistry to maintain high throughput and reduced
microchip costs. The use of specific etchant mixtures on specific sub-
strates using specific apertured masks for the deep trench pattern has
become necessary and the combination of these critical features provides
the unique opportunity to overcome the problems of deep trench etching
with highly reproducible results as identified by the process of the
present invention.

Various highly reactive fluorine-containing etchants are known in
the prior art such as nitrogen trifluoride and sulfur hexafluoride.
However, these highly reactive etchants produce high speed etch rates in
isotropic fashion. Isotropic etching is defined as etching in approx-
imately equal rates in all directions. The result of isotropic etching
is undercutting and bowing of etch patterns under the aperture of a mask
applied to a substrate. The result of the use of such fluorine compounds-

individually s 1llustrated in FI6'2 wherein undercutting is identified = *

in which the pattern cuts back underneath the mask of the silicon sub-
strate and bowing in the .sidewalls occurs as identified between the
furthest horizontal penetration of the etch and the least penetration of
the etch at the point of mask substrate interface. '
Alternatively, anisotropic etching, that is etching wherein the etch
occurs in only one direction, preferably an etch directly down through
the aperture of the mask formed over the silicon substrate, has been ex-
perienced with halofluorocarbon etchants. However, the halofluorocarbon
etchants have been relatively slow in etching typical silicon substrates
and therefore do not lend themselves to the high speed, Tow cost fabrica-

-tion required in present day economies of microcircuit and semiconductor

fabrication. .

The present invention combines the use of nitrogen trifluoride and -
halofluorocarbons to arrive at high speed etching with anisotropic etch
patterns with substantially or essentially no undercutting or bowing in
the etch pattern wherein the halofluorocarbon is typically selected from
the group comprising CF3C], CFZCIZ, CFsBr. CF3I, CFZBrz, CF212, CFZCIH
and CCIZFH. The preferred plasma etch combination constituting the

“
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etchant atmosphere is a combination of NF3 and CF3C]. The present in-
vention uses customized reactive ion mode etching which involves higher
pressures to circumvent the surface damage and etch rate problems out-
1ined in the Mcvittie, et al. article at page 552. This customized mode
of etching combined with the reactive gas chemistry are required to
obtain the desired results. The NF3 of the plasma atmosphere of the
present invention provides the rapid etch rate required and the high
si1icon over silicon dioxide selectivity required toc minimize mask ero-
sion and etch undercut. This contrasts with SF6, which typically has
lower etch rates and selectivities. The halofluorocarbon gas component
of the present invention's atmosphere 1s 1imited to those gases having
only one carbon atom and at least one halogen atom other than fluorine
in order that the halofluorocarbon gas results in the formation of a
tenacious passivating polymer obtained through a difluorocarbene mech-
anism which is deemed necessary for anisotropy observed in the method of
the present invention under reactive ion mode plasma.etching. It has
been found that this gaseous etching atmosphere when used on a single
crystal silicon substrate with an apertured mask of preferably silicon
dioxide, or alternatively, silicon nitride, provides the capability of
anisotropic deep trench etching wherein the trench may be etched to a
depth of 3-15 microns. The etch medium may utilize an inert carrier gas,
such as argon, krypton, helium or neon. Preferably, the nitrogen tri-
fluoride and the halofluorocarbon compound are used in a ratio of 1:2
nitrogen trifluoride per 1:3 of the halofluorocarbon in the etch atmo-
sphere. The etch is usually performed at a high speed at the range of at
least 0.1 microns per minute up to 2.0 microns per minute. The power of
the etch system is in the range of 500-2000 watts using a frequency of '
1-50 MHz. The flow rate of the etchant atmosphere through the etching
zone 4s.in the range of 10-100 standard cubic centimeters per minute
(SCCM). The pressure in the etching zone is maintained in a vacuum con-
dition of 0.01-1 TORR. The electrode temperature of the etching zone
apparatus is maintained in the range of 15-25°C. The etching technique,
although generically referred to as plasma etching, is more specifically
a reactive jon mode of etching using a plasma. The reactive ion mode is
differentiated by the requirement that the substrate be mounted on the
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powered electrode. Reactive ion mode is necessary to achieve the aniso-

tropic results desired for deep trench etching.

A comparison of the prior art sulfur hexafluoride systems with the

- system of the present invention is set forth in Table 1.

As can be seen,

the etch rates of the present invention are commensurate with those of
the prior art while maintaining similar etch depths, but entirely
avoiding the undercut which 1s particularly difficult to avoid in deep
trench etching. The sulfur hexafluoride runs are reported from the

McVittie, et al. article cited above.

1

TABLE 1

COMPARISON OF RESULTS

Etch Etch . Tt
‘Gas Mixture Rate """ "“Depth Undercut Ref.
(um/min) (um) (um)
CoF5C1-SFg 0.51 ~6.0 * Mcvittie, et al.
CF3Br-SFg 0.51 ~6.0 0.35  McVittie, et al.
€FC13-SFg 0.26 ~6.0 * Mcvittie, et al.
CF,C15-SFg 0.16 ~6.0 * Mcvittie, et al.
65%CF3C1-NF3 0.40 4.0 ot Present Invention
50%CFoC15-NF3 0.50 5.0 . ot Present Invention
Present Invention

40%CF3Br-NF3 . . 0.60 6.0 ot

* Values were not reported, but photomicrographs show similar undercutting.

t values are accurate to less than 0.1 ym deviation.

. ——
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With reference to FIG 1, a description of the system for performing
deep trench etching with plasma etchants of the present invention will
now be described. NF3 is stored in a gas containment 10 for admixture
with a halofluorocarbon contained in containment 12. The materials in
the gaseous state are blended in manifold 14 and introduced at appro-
priate flow rate into the etching zone 16 wherein two parallel plate
electrodes 18 and 20 are situated. The silicon dioxide or silicon
nitride apertured mask/single crystal silicon 22 which is to be deep
trench etched 1s mounted on the powered electrode 18 and an RF current at
the appropriate power and frequency 1s provided from source 24. The gas
mixture of NF3 and halofluorocarbon in conjunction with an optional
inert carrier gas flows through the etching zone 16 and produces a plasma
in conjunction with the current potential between the electrodes 18
and 20. The electric potential induces ions from the created plasma to
etch the appropriate deep trench in the single crystal silicon in the
pattern provided by the apertured mask.—-Etching by-products, plasma
material and excess etching atmosphere are removed through a vacuum ex-
haust system 26. The entire system is also maintained under a vacuum.

FIG 2 11lustrates an etched silicon substrate 102 with its over-
1ying mask 100. The dimension by which the trench recedes back from the
lower interface and edge of the mask aperture is referred to as undercut
and is identified by the letter *U*. Undercut is an undesireable result
of etching with less than anisotropic procedures. It results in lost
pattern definition. Bowing is shown as the variation in the trench side-
wall from absolute vertical. It is identified as the letter “B*. It is
also undesireable and interferes with CVD processing.

FIG 3 11lustrates the single crystal silicon 102 used in the present
invention which is masked with the preferred silicon dioxide mask 100 in
a thickness of approximately 1 micron prior to etching with the process
of the present invention. It shows an aperture 104 with edge 106. 1In
contrast, FIG 4 shows the deep trench etch 110 in the substrate 102 using
the preferred etchants of the present invention wherein the aperture of
the silicon dioxide mask is relatively intact with good edges 106 and the
deep trench profile 108, which is approximately 4 microns deep, shows
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essentially no undercutting and essentially no bowing, such as is
required in the fabrication specifications of advanced semiconductor
device structures.

Such anisotropic deep trench etching is experienced only in the pre-
cision fabrication manner described above when single crystal silicon is
utitized with etther silicon dioxide or silicon nitride masks. As 11lus-
trated in FIG 5, showing a graph of the etch rates for another etch
medium, carbon tetrafluoride, alternate substrates such as polysilicon
are known to etch at a much higher rate than single crystal silicon.
Therefore, selectivity of silicon over silicon dioxide would be expected
to be lower when using single crystal silicon and aperture mask erosion
more probable. This is detrimental for deep trench etching, except with
the unexpected results of the present invention.

The effects of the masking material are shown by comparison of FIG 6
and FIG 7 which are actual photomicrographs of etching of single crystal

silticon with the etch mediums_of_the .present.invention wherein:‘the: = -+ -

etching conditions constituted 30% CFscl. 15% NF3 in argon at 1000

watts cathode mounted at 135 millitorr and 20 SCCM etch rate. FIG 6
shows that photoresist as a masking agent over the single crystal silicon
results in substantial loss of edge pattern in the aperture of the mask
and resulting degradation in the vertical profile of the trench. In
contrast, FIG 7 shows that a silicon dioxide mask over a single crystal
silicon substrate does not erode under reactive ion mode plasma etching

- conditions to a significant degree, leaving a substantially or essen-

tially vertical sidewall to the trench produced by reactive ion mode
plasma etching in the single crystal silicon substrate. It is also of

Anterest to note that the thickness of masking'agent has been sig-

nificantly eroded in the photoresist mask example of FIG 6, while the
depth of silicon dioxide mask remains intact in the example illustrated
in FIG 7.

The substantially or essentially vertical sidewall which means
essentially no undercut or bowing is defined as less than 0.1 micron
deviation from an absolute vertical sidewall and flush meeting of the
mask edge and the substrate edge at the mask-substrate interface.

FIG 8 s a photomicrograph of the cross-section of a deep trench
etch of single crystal silicon with an apertured mask of silicon dioxide

et b e
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using a plasma etching atmOSpheré_of 10% argon, 30% NF3 and 60% CF3CI.
This deep trench using the process of the present invention was achieved

under the conditions of the following example.

WORKING EXAMPLE
The wafer samples of single crystal silicon patterned‘hith an
apertured mask of one micron thick thermally grown silicon dioxide were
placed on the reactor cathode. The parallel plate etching chamber was
then closed and evacuated to 0.001 torr. The gases were then indepen-

dently metered into a mixing manifold and then passed into the plasma

reactor. Gas flowrates were 12, 6 and 2 SCCM for CFSCI. NF, and

argon, respectively. - These flows represented a gas mixture consisting of
60% CF3CI, 30% NF3 and 10% argon. The feactor was allowed to equil-
ibrate to a constant pressure of 0.140 torr. The electrode temperatures
were maintained constant at 17°C. Power was then applied'to the cathode
electrode in the amount of 1000 watts and a plasma ambient was created

for reactive fon etching. The etching process continued for 10 minutes = =

at which time the power was turned off. The flow of gases was then
stopped, the chamber was evacuated, filled wifh'nitrogen to one atmo-
sphere and the wafers of etched single crystal silicon were removed.

The anisotropy and etch rate were then determined using scanning electron
microscopy. The result from the experiment, shown in Figure 8, was a
deep, completely anisotropic trench in single crystal silicon obtained at
an etch rate of 0.4 micron per minute. '

Similar experiments were performed, changing only the halofluoro-
carbon and the gas composition, using Ccmlz and CFsBr with similar
experimental results achieved, as identified in Table 1 above.

As 1dent1f1ed'abovg, the process of the present invention using
nitrogen trifluoride and halofluorocarbon p]asma'etéhants in an atmo-
sphere to etch single crystal silicon through a silicon dioxide or
silicon nitride apertured mask 1s effective for producing anisotropic
deep trench etches of a depth and profile previously difficult to pro-
duce. These deep trenches have essentially anisotropic profile wherein
there 1s no undercutting and no bowing. In contrast to the prior art
which used sulfur hexafluoride or nitrogen trifluoride and various
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halofluorocarbons with photoresist mask in polysilicon at normal etch
depths for circuit patterns of 0.30 microns, the requirements of deep
trench etching aggravate all parameters of high speed, high precision,
anisotropic etch fabrication. It has been shown that polysilicon etches
in the distinctly different manner than the single crystal silicon and
particularly at a much higher etch rate which is a condition which would
aggravate anisotropic etching over the periods necessary to develop 3-15
micron deep trenches. It has also been shown that the polymeric photo-
resist masks utilized by the prior art do not have a sufficient selec-
tivity with regard to their substrate to endure the rigorous conditions
of deep trench etching. 1t has been surprisingly found by the present
inventors that a unique solution to the problem of deep trench etching to
arrive at anisotropic profile is derived by the use of nitrogen tri-
fluoride, which has an extremely high etch rate, with various halo-
fluorocarbons in a high pressure reactive ion mode etch process. The
novel process has high anisotropic-characteristics, using-a relatively
inert silicon dioxide mask on a single crystal silicon substrate. The
silicon dioxide and the single crystal silicon exhibit the appropriately
necessary, highly selective etch differential for the chosen etch medium
to produce an anisotropic deep trench etch appropriate for circuit iso-
lation technology, capacitor formation or electronic component location
deemed necessary for the advancing miniaturization in semiconductor and
microelectronic fabrication. Only this unique combination of etchant
mixtures, apertured mask, silicon substrate and high pressure reactive
ion mode etch provides the unique solution to the deep trench etching
problem.

The present invention minimizes any undercut. At similar mag-
nifications of similar trench depths to Mcvittie, et al., the photo-
micrographs of the preéent invention show essentiaTTy no undercut; while
the McVittie, et al. photomicrographs show visible undercut, which in at
least one case was identified by i1ts author as being of the dimension of
0.35 microns.

Although the present invention has been described with reference to
a preferred embodiment, the scope of the invention should not be limited
to that embodiment, but rather should be ascertained from the claims
which follow:
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1. A process for high speed, anisotropically, reactive ion mode
plasma etching of single crystal si11con through an apertured mask to
produce a deep trench with essentially vertical sidewalls comprising the
steps of: '

(a) providing a single crystal silicon substrate with an
apertured mask selected from the group consisting of silicon dioxide
and silicon nitride;

(b) exposing saild substrate to an atmosphere of nitrogen tri-
fluoride (NFa) and a halofluorocarbon (HFC) compound containing
only one carbon atom in a ratio of 1 to 2 NF3:1 to 3 HFC 1n an
etching zone; and

(c) generating a plasma with the atmosphere and anisotrop-
1cally reactive ion etching said substrate by directing ions from
said plasma through the apertures of said mask into the single
crystal silicon substrate, wherein the etching is performed at a
high speed in the range of at least 0.1 micron per minute using a
power of 500-2000 watts and a frequency of 1-50 MHz to produce a
deep trench in said substrate having a vertical depth in the range

~of 3-15 microns and essentially vertical sidewalls, essentially no
undercutting of said mask and essentially no bowing in the trench.

2. The process of Claim 1 wherein the halofluorocarbon 1s selected
from the group consisting of CF3C1, cF.Cl,, CF,Br, CF31. CFZBrz, CFZI

2 2
CF3CIH and CC]ZFH.

3 2’

3. The process of Claim 1 wherein the atmosphere comprises NF3
3
4. The process of Claim 1 wherein the etching zone during the

etching is maintained at a pressure of greater than 0.1 and up to 1.0
TORR.
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5. The process of Claim 1 wherein the apertured mask is 5102.

6. The process of Claim 1 wherein the flow of the atmosphere in
the etching zone is 10-100 SCCM.

7. The process of Claim 1 wherein the etch zone includes spaced
electrodes which are maintained at a temperature of 15-25°C.

8. The process of Claim 1 wherein said atmosphere includes a

diluent gas selected from the group consisting of argon, krypton, helium
or neon.

6868C-AD210
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